DNA replication is restricted to a specific time window of the cell cycle, called S phase. Successful progression through S phase requires replication to be properly regulated to ensure that the entire genome is duplicated exactly once, without errors, in a timely fashion. As a result, DNA replication has evolved into a tightly regulated process involving the coordinated action of numerous factors that function in all phases of the cell cycle. Biochemical mechanisms driving the eukaryotic cell division cycle have been the subject of a number of mathematical models. However, cell cycle networks reported in literature so far have not addressed the steps of DNA replication events. In particular, the assembly of the replication machinery is crucial for the timing of S phase. This event, called "initiation", which occurs in late M / early G\ of the cell cycle, starts with the assembly of the pre-replicative complex (pre-RC) at the origins of replication on the DNA. Its activation depends on the availability of different kinase complexes, cyclin-dependent kinases (CDKs) and Dbf-dependent kinase (DDK), which phosphorylate specific components of the pre-RC to convert it into the pre-initiation complex (pre-IC). We have developed an ODE-based model of the network responsible for this process in budding yeast by using mass-action kinetics. We considered all steps from the assembly of the first components at the DNA replication origin up to the active replisome that recruits the polymerases and verified the computational dynamics with the available literature data. Our results highlighted the link between activation of CDK and DDK and the step-by-step formation of both pre-RC and pre-IC, suggesting S-CDK (Cdkl-Clb5,6) to be the main regulator of the process.
Introduction
The maintenance of the eukaryotic genome integrity requires its precise and coordinated replication each time a cell divides. To achieve this coordination, eukaryotic cells employ an ordered sequence of events to form several protein complexes at specific sequences on the DNA, so called origins of replication. DNA replication begins at many origins scattered along each chromosome and origin activation or "firing" in budding yeast occurs throughout the S phase according to a temporal program [1, 44] , being the origins activated continuously with the majority of the events in mid-S phase [55] .
DNA replication has evolved into a tightly regulated process, involving the coordinated action of numerous factors. More than 20 different components have been identified to participate in DNA replication [8, 46] and the initiation of this process is enhanced by prior CDK phosphorylation [16, 47] , but it has also been reported that a proper balance between S-CDK and DDK activities on Mcm4 is necessary for efficient assembly or stabilization of the replisome [19, 62] .
In this work, we present the first mathematical model of DNA replication initiation, defined according to the current knowledge of the key molecules of the process. To this end, we collected the available data concerning the assembly of pre-RC and pre-IC and highlighted the relation between activation of CDK and DDK and the step-by-step formation of the replisome. In our model, the precise temporal order in the activation of CDK and DDK during the replication process accounts for the correct initiation steps of DNA replication. Moreover, the computational dynamics simulated by the model have been fitted to the experimental data of the pre-RC formation. In summary, these data provide a picture of the global regulation of DNA replication initiation, where S-CDK exploits a key role in the fine tuning of the process. The findings support the fact that S-CDK is indeed crucial to trigger the temporal activation of the replication origins, as we have recently reported by developing both probabilistic and deterministic models of DNA replication [4] [5] [6] 66 ].
ODE Model of the DNA Replication Initiation

Model Construction
An ODE (Ordinary Differential Equation) model for the DNA replication initiation has been constructed according to the current biological knowledge (see Appendix for a detailed description). The model includes 47 metabolites (1 DNA element, 25 proteins, 16 DNA-protein complexes, 2 protein-protein complexes and 3 kinase complexes), 25 reactions and 25 kinetic parameters. The network described with the mathematical model is presented in Fig. 1 . All reactions have been assigned with mass action kinetics and are listed in Table 1 . DNA and proteins were specified with their respective names, and individual DNA-protein complexes formed in the course of DNA replication initiation have been numbered consecutively according to their successive appearance, from cl to cl6. The first complex cl is formed by ARS (Autonomously Replicating Sequence) and Ore 1-6, after the binding of Ore 1-6 to the ARS sequence on the DNA. After this first step, the chain of reactions regards the formation of the complexes c2-cl5, evolving from one to another through various association, phosphorylation and dissociation reactions, to form the last complex cl6, the active replisome, loaded with all necessary components to start DNA replication. The protein-protein complexes (Mcm2-7-Cdtl, Sld2-P-Dpbll) and the kinase complexes (Cdkl-Clnl,2, Cdkl-Clb5,6 and Cdc7-Dbf4) were named according to their single components.
Step-by-step formation of different complexes by the specific kinase complexes G r CDK (Cdkl-Clnl,2), S-CDK (Cdkl-Clb5,6) and DDK (Cdc7-Dbf4) is reported in detail in Fig. 1 . Reaction ^S + Orcl-6-^cl cl + Sld3 -+ c2 c2 + Cdc45 -+ c3 c3 + Cdc6 -* c4 Mcm2-7 + Cdtl -> Mcm2-7-Cdtl c4 + Mcm2-7-Cdtl -► c5 c5 +McmlO-► c6 Cdkl + Clnl,2 -► Cdkl-Clnl,2 Sicl -► Sicl degraded Cdkl + Clb5,6 -+ Cdkl-Clb5,6 c6 -> Cdc6-P + c7
Cdc6-P -► Cdc6 degraded c7^Cdtl-P + c8 Cdtl-P -> Cdtl exported c8->c9 Sld2 -+ Sld2-P Sld2-P + Dpbl 1 -► Sld2-P-Dpbl 1 c9 + Sld2-P-Dpbll ^clO Cdc7 + Dbf4 -► Cdc7-Dbf4 clO->cll cll->cl2 cl2 + GINS^cl3 cl3->Sld3-P + cl4 cl4 + RPA-^cl5 c!5 + polymerase -» c!6
Modifier -Sicl + Cdkl-Clb5,6; + Cdkl-Clnl,2 + Cdkl-Clb5,6
+ Cdkl-Clb5,6 + Cdkl-Clb5,6
+ Cdkl-Clb5,6 + Cdc7-Dbf4 + Cdc7-Dbf4
Initial concentrations of the components considered in the model have been computed using the following equation: [45, 59] and homologous to the mammalian Cki p27 Kipl [7] , were arbitrarily chosen. 5. Protein abundances of the GINS (complex containing the four subunits Sld5, Psfl, Psf2 and Psf3, essential for both initiation and progression of DNA replication) and RPA complexes have been approximated with the amounts found for Psfl and RPA1 subunits, respectively. 6. Protein abundance for the polymerase has been chosen as the mean of all values found for the different subunits. 
Deriving Parameters from Experimental Data
Three kinetic parameters of the ODE model have been derived from experimental time course data generated from Kawasaki and colleagues, which reconstituted in vitro the assembly of the budding yeast pre-RC [35] . They disclose the sequential loading of Ore 1-6, Cdc6, Cdtl and Mcm2-7 onto ARS1 plasmid DNA in relative amounts. Hence, these data allowed us to derive kinetic parameters for the following reactions: (i) recruitment of Ore 1-6 to the ARS binding site (rel), (ii) recruitment of Cdc6 into the complex c3 (re4), (iii) recruitment of the Cdtl-Mcm2-7 complex into the complex c4 (re6). These three reactions represent the formation of complex C from two reactants A and B and can, therefore, be described by bilinear rates
with k being the kinetic constant. To calculate k, we applied a pseudo first-order approximation, which is appropriate if either
remains roughly constant throughout a reaction. In this case, the reaction effectively depends only on the concentration of one reactant. For example, the concentration of Ore 1-6 is about 5 times higher than ARSl (Orel-6 = 55.4 nmol/l,ARS= 11.5 nmolll). Therefore 
where
[A] t is the concentration of A at time point / and [A] 0 the initial concentration of A.
The initial concentrations used in the model are listed in Table 2 .
The extracted values from the normalized experimental time course data for the reaction rel, the binding of Ore 1-6 to ARSl, give the following: after t = 60 sec, 0.6 of the substrate (Ore 1-6) is bound to the DNA (ARSl) and, therefore, 0.4 of the substrate is free (see Fig. IB in [35] ). Inserting this reasoning into the integrated Eq. (5), we obtain the following equation:
The equation can be solved obtaining the value of A:' 0.015-= *' (7) s
Considering the previous assumption
The result is an approximated kinetic parameter k\ for the reaction rel. Accordingly, the kinetic parameters k 4 and k 6 have been derived for reactions re4 and re6, respectively. The complete list of kinetic parameters is reported in Table 3 [Kawasaki et al., 2006] fitted to [Kawasaki et al., 2006] this work fitted to [Kawasaki et al., 2006] this work fitted to [Kawasaki et al., 2006] fitted to [Kawasaki et al, 2006] fitted to [Kawasaki et al., 2006] fitted to [Kawasaki et al., 2006] fitted to [Kawasaki et al., 2006] fitted to [Kawasaki et al., 2006] fitted to [Kawasaki et al., 2006] fitted to [Kawasaki et al, 2006] fitted to [Kawasaki et al, 2006] fitted to [Kawasaki et al., 2006] fitted to [Kawasaki et al., 2006] fitted to [Kawasaki et al., 2006] fitted to [Kawasaki et al, 2006] fitted to [Kawasaki et al., 2006] fitted to [Kawasaki et al., 2006] fitted to [Kawasaki et al., 2006] fitted to [Kawasaki et al, 2006] fitted to [Kawasaki et al., 2006] fitted to [Kawasaki et al., 2006] 
Fitting Parameters to Experimental Data
In order to fix the remaining kinetic parameters, the ODE model has been fitted to the available experimental data concerning the assembly of the pre-RC in budding yeast [35] . The results revealed the sequential recruitment of ORC, Cdc6, Cdtl and Mcm2-7 onto ARSl. When Mcm2-7 was maximally loaded, Cdc6 and Cdtl were released, suggesting that these two proteins are co-ordinately regulated during pre-RC assembly [35] .
We rescaled the experimental data points (see Figs. IB and 1C in [35] ) from relative amounts to concentrations in nmolll using the abundance of the limiting reactant in each reaction of the ODE model, as shown in Fig. 2 . For parameter estimation we used the Systems Biology Markup Language based Parameter Estimation Tool (SBML-PET) [79] , which uses an evolutionary algorithm based on the Stochastic Ranking Evolution Strategy [33] . The three parameters k u k 4 and k 6 derived from the experimental data were considered fixed during the parameter estimation process. The remaining 22 parameters have been estimated during the fitting to the experimental time courses. The resulting parameters were fine tuned after the estimation process. Fig. 2 shows the time course for the concentrations of Ore 1-6, Cdc6, Cdtl and Mcm2-7. The ODE model of the DNA replication initiation, as sketched in Fig. 1 , is able to reproduce the experimental time course data (Fig. 2) . Since parameter values estimated with SMBL-PET reproduced the measured data points precisely, we used these results for further analysis.
Results
Simulation Results and Network Properties
The ODE model reported in Fig. 1 shows the ordered appearance and disappearance of the different complexes during DNA replication initiation (see Appendix for the detailed description). The first complex cl is ARS-Ovcl-6 and the last one is the active replisome cl6. In between, all the other complexes c2-cl5 define specific intermediate states on the highly regulated path that leads to the activation of the replication origins. The peak of pre-RC formation, which results in the complex c6, occurs at around 8 minutes after the initial recruitment of Ore 1-6 to ARS (Fig. 3) . The first intermediate complex of the pre-IC, c7, starts to appear at about the same time, which also represents the time when cells enter into S phase due to Cdkl-Clnl,2 and Cdkl-Clb5,6 activation. Complex c6 starts to be transformed into complex c7 when about the half of the final concentration of Cdkl-Clb5,6 is reached (Fig. 3) . This is in agreement with our previous modelling studies, where firing of origins of replication was considered to occur at about 50 % of the maximum value of the Cdkl-Clb5,6 concentration [5, 6] . Moreover, Cdkl-Clnl,2 is active before Cdkl-Clb5,6. In the simulation, the accumulation of the complex c6 is rather high compared to the complexes c7 and c8, potentially indicating that there is a delay at the Gi/S transition which allows for the correct completion of the pre-RC formation. Indeed, it is possible to observe that, as soon as the cells enter into S phase and the Cdkl-Clb kinases have been activated, the complex transformation occurs rather fast, as indicated by low intermediate concentrations of both complexes c7 and c8. The complex c9, in contrast, accumulate again in bigger amounts compared to them (Figs. 3 and 4A) .
The complex c9 appears after Cdc6 and Cdtl being dislocated from the complexes and Cdkl-Clb5,6 having phosphorylated Sld3. The accumulation of the complex c9 mirrors a slow progression of DNA replication initiation, which is probably due to the gradual phosphorylation of Sld2 that has to take place [11] . In this way, the cell is thus able to assure that all preceding events are completed and that Cdkl-Clb activity has reached the necessary level to catalyze the specific complex activation. This process has been described as a switch for the S phase [11] . Figure 4B shows the simulation of the involved components by the model. The results of the simulations indicate that there seem to be more than one switch for the S phase. In fact, the progressive phosphorylation of Sld2 is the last halting point to check the appropriate course of the events that bring to the formation of the replisome [69, 78] . Nonetheless, a high accumulation of the complex c6 is denoted, which indicates that the activation of the Cdkl-Clb complexes and, therefore, the phosphorylation of both Cdc6 and Cdtl, act at a similar timing. The events that follow the phosphorylation of Sld2 occur fast, which is mirrored in their low transient concentrations in the simulation (data not shown). Fig. 4 . Simulation of the switch for the S phase, according to Botchan, 2007 [46] . (A) The complex active prior to the switch, c9, is displayed, as well as the following complexes clO and ell. The essential complex for the switch, Sld2-P-Dpbll, is also shown. (B) Concentrations of Sld2, Sld2-P, Dpbll, Sld2-P-Dpbll and Cdkl-Clb5,6 are shown.
B
DNA Replication Mutants
Data about the single deletion mutants of the components involved in the assembly of the DNA replication machinery have been obtained from a large scale deletion study [30] . Nearly all single deletion mutants are lethal, with the only exception for the clb5A clb6A mutant, because other Cdkl-Clb complexes can substitute for Cdkl-Clb5,6 to a certain extent. Although there is considerable overlap in the function of Clbl-6 [48] , the role of A Clb5 and Clb6 in DNA replication cannot be substituted by the mitotic Clb2 when all are expressed at physiological levels [18, 21] . In fact, the expression of Clb2 in Gi phase instead of in late G2 phase and mitosis cannot correct the defect of the clb5A mutant, and the S phase takes longer because late origins do not fire [22] . Clearly, Clb2 has specificity distinct from that of Clb5 and Clb6 [21, 42] . However, despite that neither Clb2 nor Clb4 can completely substitute for Clb5 at late or even at early origins [21] , in the clb5A clb6A mutant, initiation of DNA replication is delayed and late origins fire presumably due to other Cdkl-Clb activities. In support to it, the fact that a strain in which all six CLB genes have been deleted was viable after Clbl overexpression, indicates that this specificity can be bypassed by overexpressing a single Clb protein [31] .
The ODE model of the DNA replication initiation has been tested with the available deletion mutants for all components within the network. Due to its structure, where each component is necessary for the formation of the successive complex, simulations of single deletion mutants result in interruption of the signal transduction (data not shown). In the model, Cdkl-Cml,2 can substitute for Cdkl-Clb5,6 in the reaction veil, but cannot substitute for it in all other reactions in which Cdkl-Clb5,6 is involved. For this reason, changes have to be applied in the model in the way that it could account for the viability of the clb5A clb6A mutant. In the future, the model could be further tested with depletion mutants (reduced availability of a specific component involved in the network) in order to investigate whether it is able to reproduce the altered phenotypes described in literature. In fact, this could be eventually provide a tool to study DNA replication initiation in the cell cycle regulation, where specific checkpoints due to deregulation of the components of the replisome formation can be observed.
Discussion
One of the major features that the model of the DNA replication initiation shows is the role that CDK and DDK kinases exert in its fine regulation. We considered a specific order in which CDK and DDK act to regulate the DNA replication initiation in budding yeast, and the mathematical implementation of the network allowed us to highlight some essential features of the process. To begin with, we were able to earmark Cdkl-Clb5,6 as the key player and driving force of the process. Its crucial function in the cell cycle of budding yeast is widely known, which is the reason why the network has been structured around this kinase. The ODE model accounts for the fact that an essential function of Cdkl-Clb5,6 is to prevent the cell from re-replicating its DNA by phosphorylation of the licensing factors Cdc6 and Cdtl, and of the ORC and Mcm2-7 complexes as the cell enter into S phase (reviewed in [37, 51] ). This preserves the essential switch for S phase, the progressive phosphorylation of Sld2 when Cdkl-Clb5,6 level rises, to ensure a temporally ordered complex formation at the Gi/S transition. Moreover, although DDK acts during the initiation process, Cdkl-Clb5,6 activity is required to activate DDK, which is as well implemented in the model.
In the simulation of the ODE model, we implemented a characteristic sigmoidal behavior of the Cdkl-Clb5,6 levels, in agreement with both the experimentally determined Clb5 cyclin levels [6] . The replication kinetics computed to study the temporal activation of the replication origins show the same sigmoidal behavior [5, 66] . This suggests that the replication efficiency might follow the dynamics of the CdklClb5,6 levels. Strikingly, it has been recently shown that efficiency of DNA replication in Xenopus leavis is indeed dependent on the nuclear activity of the homologous of Cdkl-Clb5,6, Cdkl-and Cdk2-cyclin E/A [38] . This strengthens our previous analysis, suggesting that Cdkl-Clb5,6 indeed plays a pivotal role in the DNA replication initiation and origin activation [5] . We have speculated that the dynamics in activation of replication origins could be possibly due to a different accessibility of the DNA to the components of the DNA replication initiation machinery [66] , on the basis of conformational differences in the chromatin structure, histone acetylation or DNA methylation status at the origins of replication. Since CDK is well-known to be the driving force of the initial steps of the pre-RC and pre-IC formation [53] , we speculate that origins can be activated dependent on a different accessibility to Cdkl-Clb5,6.
Conclusion
This work aimed at the understanding of the mathematically poorly elucidated DNA replication process in budding yeast. The ODE model describing the protein complexes assembly during DNA replication initiation is supported by the literature and its validity inferred by fitting to the available time course data. Yet, availability of experimental data is limited to the formation of the pre-RC. Therefore, biochemical and computational efforts are still required to further investigate the precise kinetics driving the replisome formation, possibly integrating them to the complexity of cell cycle regulation. However, our study highlights the role of Cdkl-Clb5,6 as key factor of DNA replication initiation, being the direct link between replication dynamics and cell cycle regulation. The formation of the pre-RC begins in late M phase, when the origin recognition complex (Ore 1-6), a six subunit and ATP-dependent DNA binding protein, binds to the replication origins [9, 10] . The DNA sequence of an origin is about 200 bp long and is called Autonomously Replicating Sequence (ARS) [49] . Within this region, an eleven base pair sequence, the so called ARS Consensus Sequence (ACS) is specifically recognized by the Orcl-6 complex [73] . A match to the ACS is essential, although the presence of this element alone does not define origin function per se [13, 52] .
The next step in the pre-RC formation is the incorporation of the initiation factor Cdc6. Cdc6 interacts with Orcl-6, but only after Orcl-6 has bound to origin DNA [65] . The binding of Cdc6 increases the stability of Orcl-6 on the chromatin [32] and in turn the Orcl-6/Cdc6 complex shows an increased sequence specificity [64] . The loading of Cdc6 is directly followed by the recruitment of the minichromosome maintenance complex (Mcm2-7) to the origin of replication. At this juncture, Mcm2-7 has been suggested to be already in complex with the initiation factor Cdtl [56] . ATP and Orcl-6/Cdc6 binding to the replication origin is required to load Cdtl/Mcm2-7 onto the origin [35] , but the actual mode of recruitment is still unknown. It has been suggested that Cdc6 directs the loading via the interaction with Cdtl, although this has been shown so far only in mammalian cells [17] . Nevertheless, the fact that after the initial recruitment Mcm2-7 is still not fully and stably loaded on the chromatin, but simply in the close vicinity [56] , supports this hypotheses. Mcm2-7 is considered to be the eukaryotic heterohexameric replicative DNA-helicase [28, 39] and can only be fully loaded onto the origin through Orcl-6's, Cdc6's and Cdtl's corporate action [56] . Once Mcm2-7 complexes are fully loaded, the other pre-RC components are dispensable [24, 32] , indicating that the primary functions of Orcl-6, Cdc6 and Cdtl in DNA replication are the origin recognition and the loading of the Mcm2-7 complex.
Appendix A. 1.2. Assembly ofthe Pre-IC and Replisome Activation
The transformation of the pre-RC into pre-IC occurs as cells enter into S phase and it is characterized by progressive activation of cyclin-dependent kinases (G r CDK, Cdkl-Clnl,2 and S-CDK, Cdkl-Clb5,6) and Dbf4-dependent kinase (DDK). DDK activation requires prior CDK activity [53] . G r CDK (Cdkl-Clnl,2) is the first kinase complex to become active and, by phosphorylation, targets Cdc6 for degradation in late Gi phase [71] . As soon as S-CDK (Cdkl-Clb5,6) becomes active at the beginning of the S phase, both Cdc6 and Cdtl are gradually phosphorylated. After phosphorylation, Cdc6 is degraded and Cdtl is exported from the nucleus [25, 26, 70] . The nuclear export of Cdtl and the degradation and Cdc6 are crucial steps during DNA replication initiation.
On the one hand, Cdc6 is a direct regulator of Cdkl activity [14, 15, 27] and its degradation is necessary for rising the Cdkl activity. On the other hand, phosphorylation of both Cdtl and Cdc6 prevents de novo formation of pre-RC at this stage of the cell cycle and, therefore, prohibits chromosomal re-replication [68] .
The next step of pre-IC formation is the loading of the initiation factors Sld3, Sld2 and the subunit Dpbll of the DNA polymerase II 8 complex. Sld3 already associates with the replication origin during the Gj phase of the cell cycle [34] and it is phophorylated by S-CDK (Cdkl-Clb5,6) after the cells enter into S phase. The phosphorylation triggers an essential interaction between-Sld3 and Dpbll [69, 78] . Furthermore, the phosphorylation of Sld2 by S-CDK triggers the formation of the Sld2/Dpbll complex [67] . Interestingly, Sld2 presents multiple phosphorylation sites, which become phosphorylated when S-CDK activity rises. Only when a certain level of S-CDK activity is reached, Sld2 become hyperphosphorylated and changes its conformation to reveal another phosphorylation site, the threonine 84 residue (Thr84). This residue is the crucial target for S-CDK to form the complex between Sld2 and Dpbll [69] . Both Sld2 and Sld3 bind to Dpbll, which in turn binds to the chromatin. Only at this stage the initiation factor Cdc45 can be stably incorporated into the nascent pre-IC [11] . By employing this control mechanism, the cell assures that a sufficient level of S-CDK activity is reached and that all previous events are completed at this stage of the initiation process. S-CDK phosphorylations bring Sld3 and Sld2 together with Dpbl 1 in progressively timed manner [11] .
Cdc45 already associates with the origin during the Gi phase of the cell cycle [34] , but it is only stably bound to the pre-IC after phosphorylation of the Mcm4 subunit of the Mcm2-7 complex by DDK [62, 63] . The initiation factor McmlO directs the phosphorylation of Mcm4 by interaction with both Cdc45 and Mcm4 [40] . McmlO is found on the chromatin during both G } and S phases and is required for the stable loading of Cdc45 [58] . McmlO travels with the replication fork and maintains the DNA polymerase a on the chromatin [57] . The stable binding of Cdc45 requires DDKdependent phosphorylation and is directly followed by the incorporation of the GINS complex. This complex is crucial for the maintenance of Cdc45 at the origin and both Cdc45 and the GINS complex move together with the replication fork. After the GINS complex is loaded, Sld3 is displaced from the pre-IC [34] . Ultimately, the formed complex initiates DNA replication by starting to uncoil the DNA strands. The singlestranded DNA (ssDNA) binding protein, RPA, binds to the DNA to stabilize the ssDNA and prevents it from rewinding [72] . In the final step, the polymerase is loaded onto the complex, which is called "replisome" and is able to initiate DNA replication [74] .
